The dorsal premotor cortex (PMd) uses prior sensory information for motor preparation. Here, we used a conditioning-and-map approach in 11 healthy male humans (mean age 27 years) to further clarify the role of PMd in anticipatory motor control. We transiently disrupted neuronal processing in PMd, using either continuous theta burst stimulation (cTBS) at 80% (inhibitory cTBS) or 30% (sham cTBS) of active motor threshold. The conditioning effects of cTBS on preparatory brain activity were assessed with functional MRI, while participants lifted a light or heavy weight in response to a go-cue (S2). An additional pre-cue (S1) correctly predicted the weight in 75% of the trials. Participants were asked to use this prior information to prepare for the lift. In the sham condition, grip force showed a consistent undershoot, if the S1 incorrectly prompted the preparation of a light lift. Likewise, an S1 that falsely announced a heavy weight produced a consistent overshoot in grip force. In trials with incorrect S1, preparatory activity in left PMd during the S1-S2 delay period predicted grip force undershoot but not overshoot. Real cTBS selectively abolished this undershoot in grip force. Furthermore, preparatory S1-S2 activity in left PMd no longer predicted the individual undershoot after real cTBS. Our results provide converging evidence for a causal involvement of PMd in anticipatory downscaling but not upscaling of grip force, suggesting an inhibitory role of PMd in anticipatory grip force control during object lifting.
Introduction
Prior sensory information is readily implemented in the preparation and anticipatory guidance of our actions. For instance, people match the applied force to the expected weight of an object when grasping and lifting an object (Johansson and Westling, 1988 , Flanagan et al., 2001 , Cole and Rotella, 2002 . Previous research suggests that the dorsal premotor cortex (PMd) codes predictive aspects of sensory information in the context of manual motor control. The PMd is involved in selecting hand movements based on sensorimotor mapping rules (Picard and Strick, 1996 , Kurata et al., 2000 , Toni et al., 2002 , Amiez et al., 2006 , van Eimeren et al., 2006 . In this process, the left PMd plays a dominant role when action selection is based on an arbitrary (nonspatial) mapping rule . Specifically, the PMd processes sensory information that is relevant to a pending action and uses it for movement preparation (Boussaoud, 2001 , Astafiev et al., 2003 , Hoshi and Tanji, 2006 , Schubotz, 2007 , Grafton et al., 2008 .
This presumed role of the PMd has been substantiated by studies in which low-frequency repetitive transcranial magnetic stimulation (rTMS) was used to transiently suppress cortical excitability in the left PMd (Chouinard et al., 2005 , Christensen et al., 2007 , Nowak et al., 2009 ). Low-frequency rTMS of the left PMd disrupted the predictive scaling of forces based on arbitrary color cues in a grip-and-lift task (Chouinard et al., 2005 , Nowak et al., 2009 ) and altered the impact of an incorrect predictive cue on subsequent visuomotor mapping (Ward et al., 2010) .
Motivated by this work, we combined rTMS and functional magnetic resonance imaging (fMRI) to further clarify the functional relevance of the left PMd in implementing prior sensory information into the scaling of grip force. We used continuous theta burst stimulation (cTBS) to mildly and transiently disrupt neural processing in the stimulated left rostral PMd (Huang et al., 2005) . In addition, participants underwent fMRI to map the lasting effects of cTBS on preparatory brain activity. During fMRI, subjects performed a grip-and-lift task in which an arbitrary visual pre-cue (S1) correctly (75%) or incorrectly (25%) predicted whether subjects had to lift a heavy or light weight. A second visual cue (S2) that always correctly predicted the object weight triggered subjects to perform the grip-and-lift task. Subjects were asked to prepare for the task based on the information given by the S1 cue. When S1 and S2 cues were incongruent, subjects had to readjust the prepared grip according to the S2 information.
The study was designed to test several hypotheses: (1) At the behavioral level, we reasoned that the prior knowledge about the weight provided by S1 would interfere with optimal anticipatory grip force control, if S1 and S2 were incongruent. We expected a relative overshoot or undershoot of grip force, when subjects wrongly prepared to lift a heavy or light weight, respectively.
(2) We postulated that the regional BOLD signal in PMd should reflect anticipatory coding of predictive information given by the S1 pre-cue (Chouinard et al., 2005 , Christensen et al., 2007 , Schubotz, 2007 , Ward et al., 2010 . Specifically, we hypothesized that the level of sustained BOLD activity in PMd during the S1-S2 period should indicate the relative strength of grip force anticipation triggered by the S1 cue, and, thus, should predict the magnitude of inappropriate grip force scaling in trials where S1 and S2 cues were different.
(3) Regarding the disruptive effects of cTBS, we predicted that real cTBS would impair the anticipatory force scaling in the stimulated left PMd, resulting in a reduction of relative grip force overshoot and undershoot in trials with different S1 and S2 cues. Likewise, the preparatory activity of the stimulated PMd should no longer predict the grip force behavior after real cTBS of left PMd. Finally, we expected that the disruptive effect of cTBS on anticipatory force control in rostral PMd might be compensated by changes in preparatory activity in the rostral part of the supplementary motor area (SMA), which is also involved in conditional response selection based on arbitrary sensorimotor associations (Kurata et al., 2000) .
Materials and Methods

Participants
Eleven healthy male humans (age 27 Ϯ 6.5 years; mean ϮSD) without a neurological or psychiatric history participated. Subjects were recruited from the student population of the University of Kiel and were naive to the purpose of the study. Participants were consistently right-handed according to the Edinburgh handedness inventory (Oldfield, 1971) . The experimental procedures were approved by the local ethics committee of the Christian Albrechts University. Written informed consent was obtained before the study.
Experimental design
We used fMRI to assess the conditioning effects of inhibitory cTBS on regional neural activity during motor preparation (Fig. 1) . Each participant underwent two experimental sessions in a counterbalanced order. The experimental sessions were identical apart from the cTBS protocol, which used either a biologically real or a very low sham intensity of stimulation. At least 7 d separated the two sessions to exclude carry-over effects of TBS conditioning. Figure 1 A illustrates the order of the experimental procedures. At the beginning of each experimental session, participants were intensively trained on the experimental grip-and-lift task, first outside and then inside the MR scanner, for ϳ20 min. The experimental task required participants to grasp and lift a manipulandum with their right dominant hand (for details, see below). After participants were familiarized with the motor task, cortical excitability of the left primary motor hand area (M1 HAND ) was probed with single-pulse TMS of left M1 HAND . We then applied either "real" or "sham" cTBS to the left rostral PMd. For real TBS -pulse TMS of left primary motor hand area. B, Visually guided grip-and-lift force task. During fMRI, subjects were presented with a S1 pre-cue (red color) and a S2 go-cue (green color) with a variable delay between S1 and S2. The cues were projected on the screen for 1 s, thereafter an orange or gray cross was projected during a jittered period of 2-8 s. The shape of the stimulus indicated the weight to be lifted. A circle or a square predicted a light (100 g) or a heavy (250 g) weight. In 75% of the trials, the preparatory S1-cue correctly predicted the S2 cue. Depending on the combination of S1 and S2 cues, there were two trial types with correct pre-cue (HH, LL) and two trial types with incorrect pre-cue (LH, HL).
(intervention condition), stimulus intensity was set at 80% of active motor threshold (AMT), whereas intensity was reduced to 30% of individual AMT during sham TBS (control condition). Otherwise, the cTBS protocols were identical.
After cTBS conditioning, participants rested for 5 min without moving their hands or feet. We introduced this resting period because previous studies showed that short periods of voluntary motor activity shortly before or after cTBS can modulate the conditioning effects of cTBS on cortical excitability (Huang et al., 2005 , Gentner et al., 2008 . After the 5-min resting period, single-pulse TMS was again applied to left M1 HAND and motor-evoked potentials (MEPs) were recorded from right first dorsal interosseus (FDI) muscle to capture acute TBS-induced changes in corticospinal excitability (post-cTBS 1 measurement). Participants were then taken to the MR scanner and fMRI started ϳ15 min after the end of cTBS. Participants performed a grip-and-lift task with their right hand during fMRI. The experimental session was completed by measuring cortical excitability with single-pulse TMS over the left M1 HAND (post-cTBS 2 measurement) in the TMS laboratory. The post-cTBS 2 measurement started ϳ55 min after the end of TBS.
Pre-cued grasp-and-lift task
During fMRI, participants performed a grasp-and-lift task that required precision grips with the right dominant hand ( Fig. 1 B) . An MRIcompatible custom-made force transducer (Dasch Instruments) was used for the grasp-and-lift task. The transducer had two flat vertical grip surfaces (40 ϫ 40 mm) spaced 28 mm apart that measured the isometric pinch force exerted between the pads of the thumb and index finger (spring excursion Ͻ0.5 mm) and the load force. The grip surfaces were covered with thin felt.
Participants lay supine in the MR scanner with the left arm extended in a comfortable posture. The right arm was extended comfortably so that the right hand rested with a semiprone posture on a custom-made platform that supported the force transducer. The force transducer was placed between the fingertip of the right thumb and index finger and could therefore be gripped and lifted without any elbow-or shoulderjoint movement. The lateral edges of the force transducer fitted smoothly in grooves of two vertically orientated aluminum bars, so that the device could easily move up and down without tilting. A weight of 100 or 250 g was fixed with a string to the lower end of the transducer. The weights could be changed between trials without the participant being aware of the change in weight.
We used an event-related fMRI paradigm. A single trial lasted on average 12 s and started with the presentation of a symbolic preparatory S1 cue that was presented in the center of a screen 15 cm above subjects' visual field for 1 s. One of two S1 pre-cues was pseudorandomly presented from trial to trial ( Fig. 1 B) . A red circle instructed participants to prepare for grasping and lifting a light weight (100 g), while a red square prompted subjects to prepare for grasping and lifting a heavy weight (250 g) ( Fig. 1 B) . An orange cross appeared in the center of the visual field after the S1 cue. Participants were asked to fixate the cross and prepare for the grasp-and-lift task. The cross was presented for 2-8 s, and stimulus duration was pseudorandomly varied from trial to trial, resulting in a variable preparatory S1-S2 period.
At the end of the preparatory period, a symbolic target cue was centrally presented for 1 s. Again, there were two S2 cues: a green circle instructed participants to grasp and lift the light weight, whereas a green square prompted subjects to grasp and lift the heavy weight ( Fig. 1 B) .
Participants were asked to lift the manipulandum 2-4 cm up and then put the manipulandum back on the platform. After the S2 cue, a gray fixation cross was presented in the center of the screen for a variable period that was jittered between 2 and 8 s in steps of 1 s.
Participants were instructed to actively prepare for lifting the weight that was indicated by the S1 pre-cue and to grip and lift the device as fast and as accurately as possible in response to the S2 target cue. In 75% of the trials the preparatory S1-cue correctly predicted the S2 cue. Participants were explicitly informed about the predictive value of the S1 cue. Participants were informed that S1 would correctly predict the forthcoming weight in the majority of trials, and were instructed to lift the weight swiftly and as accurately as possible also in incorrectly pre-cued trials.
The experimental task resulted in four experimental conditions of interest. There were two conditions in which the S1 pre-cue and S2 target cue had the same shape. In these trials, the S1 pre-cue correctly predicted the weight that had to be lifted. Participants prepared for a heavy lift and then lifted the heavy weight [referred to as heavy-heavy (HH) condition[, or they prepared for a light lift and lifted the light weight [referred to as light-light (LL) condition]. In the remaining two conditions, the S1 and S2 pre-cue differed in shape, and, thus, the S1 cue was incorrect. Here, the S1 pre-cue either triggered the preparation for a light lift, but the S2 target cue indicated a heavy lift [referred to as light-heavy (LH) condition] or the S1 pre-cue indicated a heavy lift, but subjects were then instructed to lift the light weight [referred to as heavy-light (HL) condition]. There was also a fifth experimental condition that served as lowlevel control condition. In these "control trials," a blue diamond was presented as S1 and S2 cue in the center of the screen (Fig. 1 B) . These cues were of no behavioral relevance. Participants had only to lay still and watch these cues without preparing for or performing any grip or lift.
Functional magnetic resonance imaging
The fMRI measurements were split in two consecutive runs. Each fMRI run included 40 grasp-and-lift trials (10 trials per experimental condition) and 15 control trials that were intermingled in a pseudorandom order. A single run lasted for 11 min. There was always an examiner (B.F.L.v.N. or C.K.) in the MR-room who changed the weights (100 and 250 g) from trial to trial. A cue that was only visible to the examiner indicated which weight was to be lifted in the next trial.
MRI was performed on a 3.0 T Philips Achieva MR scanner with an eight-channel array head coil (Philips). Participants wore headphones for noise protection, and foam pads restricted head motion. We used a T2*-weighted gradient echoplanar imaging (EPI) sequence with an echo time of 35 ms. The field of view covered the whole brain (230 ϫ 230 mm) and a pixel size 2.9 ϫ 2.9 mm was used. Each EPI volume was obtained within 3000 ms (repetition time) and comprised 36 axial slices with a voxel size of 2.9 ϫ 2.9 ϫ 3.0 mm and interslice gaps of 0.3 mm. We also obtained a whole-brain structural MRI dataset using a three-dimensional T1-weighted FLASH sequence (repetition time 7.7 ms, axial field of view: 230 mm, 160 contiguous slices, voxel size 1 ϫ 1 ϫ 1 mm).
Measurement of corticospinal excitability with TMS of left M1 HAND
Motor cortical excitability was assessed with single-pulse TMS over the left M1 HAND using a biphasic pulse configuration and a figure-of-eight shaped MC-B70 coil with an outer diameter of 70 mm, connected to a MagPro-100 stimulator (MagVenture). TMS was applied while participants were comfortably seated in an armchair with the head stabilized by a neck rest. Both arms were supported by a cushion to facilitate complete relaxation of the arm and hand muscles. Subjects were instructed to relax but to keep their eyes open and fixate on a wall two meters in front of them.
The coil was positioned tangentially to the skull over the left M1 HAND with the handle pointing backwards and laterally at an angle of ϳ45°to the sagittal plane. At this coil orientation, the second phase of the biphasic TMS pulse induces an electrical current in the brain tissue with a posterior-lateral to anterior-medial direction approximately perpendicular to the central sulcus, which is optimal for evoking a motor response in the contralateral hand (Mills et al., 1992) .
We defined the scalp site where a single TMS pulse at slightly suprathreshold intensity consistently yielded maximal MEP in the right contralateral FDI muscle. This "motor hot spot" was used as stimulation site for all TMS measurements and was used as anchor point to define the site for TBS of the left PMd. To individually adjust the stimulus intensity, we determined the resting and active MT. We first determined the resting MT in the relaxed FDI muscle, which was defined as the minimum stimulus intensity that produced an MEP of Ͼ50 V in five of 10 consecutive trials. We then measured the active MT defined as the lowest stimulus intensity at which MEPs were elicited in five of 10 consecutive trials during tonic contraction of the FDI muscle at ϳ10% of maximum force level, using a criterion for the MEP of 100 -250 V peak-to-peak amplitude. MTs were determined by gradually decreasing and increasing the stimulus intensity in steps of 1% of maximum stimulator output.
MEPs were recorded with surface electromyography (EMG). Ag-AgCl disc surface electrodes were attached over the right FDI muscle using a belly-tendon montage. Changes in corticospinal excitability were assessed over the left M1 HAND with single-pulse TMS, using a stimulus intensity that elicited MEPs with ϳ1 mV peak-to-peak amplitude in the right FDI muscle. The stimulus intensity was determined at baseline in the real and sham TBS sessions and then kept constant across the entire experimental session. The reference electrode was placed at the wrist. EMG activity was continuously monitored using visual (oscilloscope) and auditory (speakers) feedback to ensure complete relaxation at rest and a constant level of EMG activity during tonic contraction. The raw EMG signals were amplified by 1000 (D360, Digitimer Ltd), filtered between 20 and 1000 Hz, and digitized at 5000 Hz per channel (CED Power1401, 16-bit-ADC; Cambridge Electronic Design). The administration of TMS pulses as well as EMG data recording, storage, and analyses was performed with Signal software (Cambridge Electronic Design).
Continuous theta burst stimulation of left dorsal premotor cortex
We used cTBS for conditioning of left PMd because cTBS produces a lasting suppression of regional excitability in the stimulated cortex (Huang et al., 2005) . The cTBS protocol involved repeated administration of short high-frequency bursts. Each burst consisted of three pulses given at an interstimulus interval (ISI) of 20 ms (corresponding to a rate of 50 Hz). These high-frequency triple-pulse bursts were repeated every 200 ms. Theta burst stimulation was given to the left PMd as a continuous train lasting for 40 s. The site for PMd stimulation was defined in relation to the motor hot spot with the coil being placed 2 cm anterior and 1 cm medial to the left M1 HAND . This coil positioning procedure used the functionally localized M1 HAND as anchor point and was adopted from Schluter et al. (1998) , who used this coil positioning procedure to interfere with processing in left PMd during the selection of visually cued movements. In addition, this coil location closely corresponds to the probabilistic location of the rostral PMd (Picard and Strick, 2001) . The intensity of real cTBS was set at 80% of the individual AMT (cTBS 80% ); for sham cTBS we used an intensity of 30% of the individual AMT (cTBS 30% ). The latter intensity was predicted to be ineffective in terms of inducing action potentials in the PMd. We opted for low-intensity cTBS rather than using a sham coil because we wished to induce somatosensory stimulation of the scalp during sham cTBS (Helmich et al., 2006) .
Data analysis
Analysis of grip and lift force data. The nonmetallic custom-made force transducer (Dasch Instruments) was connected to the computer-based SC/ZOOM data acquisition and analysis system (Department of Physiology, Umeå University, Sweden) via a fiber optic connector. Grip and lift forces were sampled at a rate of 200 Hz.
We focused our analysis on the initial changes in grip and load force until the first peak to assess initial preparatory scaling of grip force (see Fig. 3 ). Four force measures were determined for each trial: (1) peak grip force (GF), (2) peak load force (LF), (3) peak rate of grip force (GFR), and (4) peak rate of load force (LFR). We also calculated the reaction time (RT), which was defined as the time between the onset of the S2 target cue and the onset of increase in GF. Mean values of each measure were calculated for each of the four experimental conditions of interest (i.e., HH, LL, LH, and LH).
In a first step, we explored the patterns of normal task performance without perturbation of left PMd using only the data recorded after sham TBS 30% . We computed separate two-factorial repeated measures of ANOVA with the factors Weight (2 levels: 100 g vs 250 g) and S1 Validity (2 levels: correct vs incorrect S1 pre-cue) using GF, LF, GFR, LFR, and RT as dependent variables. We also performed an additional three-factorial ANOVA that included the factor Type of Intervention (2 levels: real cTBS 80% vs sham cTBS 30% ) to assess the conditioning effects of real cTBS 80% on grip force control.
We were particularly interested in the behavioral consequences of an incorrect pre-cue on grasping and lifting. To this end, we calculated the ratio between the GF in incorrectly pre-cued and correctly pre-cued trials for each weight (GF HL /GF LL and GF LH /GF HH ). The same ratio was also calculated for the other grip and lift force measures (i.e., GFR, LF, and LFR). Using these ratios as dependent variables, two-factorial ANOVAs tested whether the absolute Weight (2 levels: 100 g vs 250 g) or the Type of Intervention (2 levels: real cTBS 80% vs sham cTBS 30% ) influenced the effect of the incorrect pre-cue on task performance.
Previous grip force studies have consistently shown that the somatosensory information acquired by a recent lift influences the predictive scaling of forces for a subsequent lift (Johansson and Westling, 1988 , Gordon et al., 1993 , Chouinard et al., 2005 . Therefore, we performed supplementary two-factorial ANOVAs with the factors Weight (heavy vs light weights) and Compatibility with Previous Lift (same weight vs different weight) for the real cTBS and sham cTBS session.
Prompted by the reviewers comment, we performed an additional analysis that assessed the impact of the last trial on grip force control. In agreement with previous work, applied grip force was influenced by the weight of the previous trial. When the previous trial required a heavy lift, subjects showed a relative overshoot in peak grip force when lifting a light weight. Conversely, there was a relative undershoot in peak grip force, when a heavy lift followed a light lift. Critically, this effect was not influenced by the type of TMS being significant after sham cTBS: F (10) ϭ 38.49; p Ͻ 0.001 and after real cTBS F (10) ϭ 22.19; p ϭ 0.001).
Greenhouse-Geisser (GG) correction for nonsphericity was applied if necessary. Conditional on significant F-values, ANOVAS were followed by post hoc two-sided paired-sample t tests. Statistical threshold was set at p Յ 0.05. Group data are given as mean Ϯ SD if not specified otherwise.
Analysis of motor-evoked potentials. Peak-to-peak amplitudes (mV) of the MEP recorded from the right FDI muscle were measured trial-bytrial, and mean MEP amplitudes were calculated for each block of measurements (NuCursor software, Sobell Department of Motor Neuroscience and Movement Disorders, Institute of Neurology, Queen Square, London, UK). Repeated-measures ANOVAS were used to test for lasting effects of cTBS over left PMd on excitability of ipsilateral left M1 HAND . The ANOVA model included the factors Type of Intervention (2 levels: real cTBS 80% vs sham cTBS 30% ) and Block of Measurement (3 levels: baseline, measurements starting 5 and 55 min after TBS conditioning). ANOVAS were followed by post hoc two-sided paired-sample t tests conditional of significant F-values. For all analyses, a significance level of p Ͻ 0.05 was applied after nonsphericity (GG) correction.
Analysis of the fMRI data. The fMRI data were processed and analyzed using statistical parametric mapping (SPM) software (Wellcome Trust Centre for Neuroimaging, London, UK; http://www.fil.ion.ucl.ac.uk/ spm). The first two scans of each session were discarded to allow for steady-state magnetization. The remaining images were realigned to the first image and spatially normalized to MNI stereotactic space using a standard EPI template as implemented in SPM. The normalized images were spatially smoothed with a Gaussian kernel of 9 mm full-width at half-maximum.
At the individual level, we constructed a general linear model that comprised both experimental sessions and took into account the factorial design. The presentation of the S1 onset pre-cue, the variable interval between S1 and S2 (i.e., preparatory period), and the onset of the S2 pre-cue were modeled separately for each of the five trial types (i.e., HH, LL, LH, HL, and control trials) using delta functions convolved with a hemodynamic response function (HRF). Based on this model we computed t-statistical maps that expressed regional changes in BOLD signal for experimental contrasts of interest for each voxel in the brain.
Second level analysis tested for experimental modulations of the regional BOLD signal during the preparatory S1-S2 period. The data for the second stage of analysis comprised pooled parameter estimates for each contrast of interest across all subjects in a random-effects analysis. Contrast images for each subject were entered into a one sample t test for each contrast of interest to identify brain regions that increased their neuronal activity (as indexed by the BOLD signal) in the preparatory period between the S1 pre-cue and the S2 target cue. Another t test was computed to identify brain regions where the real cTBS 80% protocol increased or decreased regional preparatory activity relative to the sham TBS 30% condition. We also used a one-sample t test for main-effects of brain activity during the different conditions. A paired t test was calculated to test for weight-specific brain activities during the preparatory phase for preparing to lift a heavy or light weight. The mean difference in grip force between the correctly and incorrectly pre-cued trials for each weight were included in the analysis as covariate of interest to test whether interindividual variations in preparatory brain activity during the S1-S2 period correlated with interindividual differences in the behavioral impact of the incorrect pre-cue on task performance.
In addition to rostral PMd, it has been shown that the rostral part of the SMA is also involved in conditional response selection based on arbitrary sensorimotor associations. (Sakai et al., 1999 , Kurata et al., 2000 This raises the possibility that activity in rostral SMA might compensate for the disruptive effects of real cTBS 80% on anticipatory force control in the stimulated left rostral PMd. Therefore, we used simple regression analysis to test whether the effects of real cTBS 80% on anticipatory grip force control were less pronounced in subjects in whom real cTBS 80% changed preparatory S1-S2 activity in rostral SMA.
All t tests performed within SPM were one tailed and included all voxels within the brain. The height threshold for the resulting statistical parametric maps (t-score maps) was set at an uncorrected p value of p Ͻ 0.01. All SPMs were transformed to the unit normal Z-distribution to create a statistical parametric map (SPM). P values were corrected at the cluster level applying an uncorrected extent threshold of p Ͻ 0.01. A cluster that failed to meet the significance criterion but consisted of Ͼ50 contiguous voxels is reported as statistical trend if the peak voxel in the cluster exceeded an uncorrected p Ͻ 0.001.
Since cTBS targeted the left rostral PMd and our experiment was specifically designed to explore the role of left PMd in the implementation of advance sensory information in movement preparation, the left rostral PMd was defined as a priori region of interest (ROI). The rostral SMA was defined as second ROI since we expected the rostral SMA to compensate for the lesion effect induced by real cTBS 80% of left PMd.
Within the two ROIs, statistical threshold was set to p Ͻ 0.001 (uncorrected). The spherical ROIs (14 mm radius) were placed into the left PMd and left rostral PMd, centered on MNI stereotactic coordinates (x ϭ Ϫ24, y ϭ Ϫ3, z ϭ 54 for PMd and x ϭ Ϫ9, y ϭ 9, z ϭ 51 for SMA) that correspond to published activation peaks during a visuomotor response selection task (van Eimeren et al., 2006) .
For left rostral PMd and rostral SMA, correction for multiple comparison was only performed for all voxels within the ROI. For all remaining voxels, statistical results were corrected across the whole brain.
All statistical parametric maps are superimposed onto a T2-weighted structural MRI template provided by MRIcro (http://www.cabiatl.com/ mricro/mricro/index.html). The voxels of the activation maps are colorcoded according to their Z values and for illustrative purposes thresholded at an uncorrected p value of p Ͻ 0.01.
Results
Changes in corticospinal excitability in left M1 HAND
Real cTBS 80% induced a sustained decrease in mean MEP amplitude in the right FDI muscle, which was not found after sham cTBS 30% (Fig. 2) . A differential effect of the two rTMS protocols on corticospinal excitability in ipsilateral M1 HAND was confirmed by the ANOVA, showing an interaction between Type of Intervention and Block of Measurement (F (2,20) ϭ 9.62, p ϭ 0.001).
Post hoc paired t test revealed significant decrease of the MEP amplitude 5 min (t (10) ϭ 5.123, p Ͻ 0.001) and 55 min after the end of real cTBS 80% (t (10) ϭ 4.64, p ϭ 0.001), but no consistent changes after sham cTBS 30% .
There were no differences in resting MT, active MT, or mean MEP amplitude at baseline between the two experimental sessions. This lasting decrease in corticospinal excitability in ipsilateral M1 HAND was comparable to the inhibitory after effects that have been reported in previous 1 Hz rTMS studies (Gerschlager et al., 2001 , Chouinard et al., 2003 , Suppa et al., 2008 . This inhibitory effect of real cTBS 80% on M1 HAND excitability did not cor-relate with the cTBS-induced changes in grip force undershoot, nor did it correlate with cTBS-induced changes in weight-specific preparatory activity. This may be due to the fact that corticospinal excitability was assessed at rest, whereas the behavioral and fMRI measures were obtained during an active motor context during a pre-cued grip-and-lift task.
Grip force control
All participants found the tasks easy to perform. Error rate was very low with Ͻ2 error trials per fMRI session and are not considered further. The validity of the pre-cue had consistent effects on task performance. Compared with correct pre-cues, incorrect pre-cues resulted in longer mean reaction times (F (1,10) ϭ 14.9; p ϭ 0.003). Neither the absolute weight that had to be lifted nor the intensity of cTBS influenced mean RT. There were no significant interactions among the experimental factors that influenced mean RT. Table 1 summarizes the group data for the grip force measures of interest. The weight that had to be lifted in a given trial had a consistent effect on all four force measures with higher force and force rate levels when subjects grasped and lifted the heavy weight (GF, GFR, LF, LFR; p Ͻ 0.001). The measurements during the control session in which we applied sham TBS at very low intensity revealed that the validity of the S1 pre-cue affected the force generation. Incorrect pre-cues produced opposite effects on force measures during heavy or light lifts: gripping and lifting a light weight was associated with a higher GF, GFR, and LFR in incorrectly pre-cued trials (HL) than correctly pre-cued (LL) gripand-lift trials (Fig. 3B) . In other words, the force profiles showed relative overshoot in force production when subjects had anticipated a heavy weight but had to lift a light weight in the HL condition. Conversely, participants consistently applied lower GF, GFR, and LFR (i.e., undershoot) when gripping and lifting a heavy weight after the S1 pre-cue had wrongly announced a light weight (Fig. 3A) . Hence, force profiles displayed a relative undershoot when subjects wrongly anticipated to lift a light weight in the LH condition. A repeated-measures ANOVA confirmed the relative undershoot (LH trials) and overshoot (HL trials) in force output. There was a significant interaction between the validity of the S1 pre-cue and the actual weight that had to be lifted for peak grip force (GF sham ; F (1,10) ϭ 21.9; Group data of relative changes in mean peak-to-peak amplitude of the MEPs normalized to the mean amplitude before the intervention. The filled squares give the MEP amplitudes after real cTBS 80% of left PMd. The open diamonds represent the MEP amplitudes after sham cTBS 30% of left PMd. The first post-cTBS measurement was performed 5 min after the end of cTBS before fMRI. The second post-cTBS measurement was performed after the end of the fMRI session (i.e., ϳ55 min after the end of cTBS). p ϭ 0.001), peak grip force rate (GFR sham ; F (1,10) ϭ 26.7; p Ͻ 0.001), and peak lift force rate (LFR sham ; F (1,10) ϭ 5.8; p ϭ 0.037).
The same pattern emerged when comparing the ratios between incorrectly and correctly pre-cued trials (i.e., comparing the HL:LL ratio and LH:HH ratio). Paired t tests revealed highly significant differences between the two ratios for GF sham , GFR sham , and LFR sham ( p Ͻ 0.001). Individual HL:LL ratios were mainly Ͼ1 reflecting the overshoot triggered by the incorrect "HEAVY" pre-cue. Conversely, individual LH:HH ratios were consistently Ͻ1 reflecting the undershoot induced by the incorrect "LIGHT" pre-cue. With respect to the relative magnitude, the undershoot as indexed by the LH:HH ratio ( Fig. 4 ; black bars) was less pronounced compared with the overshoot as indexed by the HL:LL ratio (Fig. 4, white bars) . Paired t tests revealed highly significant differences between the two ratios for GFsham , GFR sham , and LFR sham ( p Ͻ 0.001).
We tested whether the magnitude of the effect of S1-S2 discrepancy, as reported in Figure 4 , on force responses is entirely accountable for by S1, or whether the S1-S2 discrepancy contributes to the execution of the force response planned by the same S1 weight cue. Paired t tests revealed highly significant differences ( p Ͻ 0.001) by directly comparing the gripforces (GF, GFR, LF, and LFR) from HL versus HH and LH versus LL, indicating that the force response was not entirely planned based on the information provided by S1. The data rather indicate that the predictive information provided by S1 interfered with the information provided by S2, causing a response conflict.
A two-factorial repeated-measures ANOVA with the factor Weight (heavy vs light weight) and Compatibility with Previous Lift (same weight vs different weight) was performed to test whether the weight of the previous lift influenced predictive grip force control. In agreement with previous work (Johansson and Westling, 1988 , Gordon et al., 1993 , Chouinard et al., 2005 , the ANOVA showed that grip force was influenced by the weight of the previous trial. When the previous trial required a heavy lift, subjects showed a relative overshoot in grip force when lifting a light weight. Conversely, subjects showed a relative undershoot in grip force, when a heavy lift followed a light lift.
Critically, this effect was not influenced by the type of TMS being significant after sham cTBS: F (10) ϭ 38.49; p Ͻ 0.001 as well as after real cTBS F (10) ϭ 22.19; p ϭ 0.001). Post hoc paired t tests revealed for the sham cTBS session a significant decrease in GF for heavy weights when the previous lift was a light weight (mean Ϯ SD 11.89 Ϯ 4.0 N for previous heavy weight and 11.28 Ϯ 3.9 N for previous light weight; t (10) ϭ 3.49; p ϭ 0.006) and a significant increase in GF for light weights when the previous lift was a heavy weight (mean ϮSD 5.39 Ϯ 3.0 N for previous light weight and 6.0 Ϯ 3.0 N for previous heavy weight; t (10) ϭ 5.35; p Ͻ 0.006). Post hoc paired t tests revealed for the real cTBS session a significant decrease in GF for heavy weights when the previous lift was a light weight (mean ϮSD 11.62 Ϯ 3.5 N for previous heavy weight and 10.82 Ϯ 3.5 N for previous light eight; t (10) ϭ 3.38; p ϭ 0.007) and a significant increase in GF for light weights when the previous lift was a heavy weight (mean ϮSD 4.73 Ϯ 2.0 N for previous light weight and 5.8 Ϯ 2.6 N for previous heavy weight; t (10) ϭ 3.62; p Ͻ 0.005).
Effect of premotor cTBS on anticipatory grip force control
We also tested whether real cTBS 80% changed the pattern of task performance as opposed to performance after sham cTBS at 30% of AMT. A two-factorial repeated-measures ANOVA including the factors Force Ratio (2 levels; HL/LL and LH/ HH) and Type of Intervention (2 levels, cTBS 80% and sham cTBS 30% ) revealed a significant interaction between ratio and Figure 3 . Impact of the validity of the pre-cue on the grip force curves. Mean GF, GF rate, LF, and LF rate for the four different trial types of a representative subject are shown. Normal lines indicate the correctly pre-cued trials; the dotted lines represent the mean data of the incorrectly pre-cued trials. A depicts the mean data of trials requiring subjects to lift a heavy weight, while B shows the mean data of trials requiring a light lift. Trial types according to S1-S2 sequence: HH, LL, LH, HL. intervention only for GF (F (1,10) ϭ 4.79; p ϭ 0.05), but not for the other three variables. Figure 5 plots the relative overshoot (HL:LL ratio) and undershoot (LH:HH ratio) of mean GF separately for the sessions in which real cTBS 80% or sham cTBS 30% was given to left PMd. While the relative overshoot was comparable between the two experimental sessions, there was a difference in the relative undershoot. Real cTBS 80% of left PMd abolished the relative undershoot in LH trials when the pre-cue had incorrectly announced a light weight (t (10) ϭ 2.51, p ϭ 0.031). In contrast, the relative overshoot in HL trials was not changed by real cTBS 80% when an incorrect pre-cue had wrongly announced a heavy weight ( p Ͼ 0.3). The individual changes in the magnitude of undershoot in LH trials did not correlate with the individual changes in corticospinal excitability after real cTBS 80% (r ϭ Ϫ0.12; p ϭ 0.72).
Preparatory brain activity triggered by the pre-cue
Analysis of the fMRI data acquired in the control session (i.e., after sham cTBS 30% ) revealed sustained increases in the preparatory period between the S1 pre-cue and S2 target cue in a large cluster covering a bilateral set of dorsal and mesial premotor areas. Increased BOLD signal levels were found in the SMA, cau-dal cingulate motor area, left and right PMd (Fig. 6 A) . Regional peak activation in left PMd was located in the caudal portion of PMd (at x, y, z ϭ Ϫ27, Ϫ 21, 60; Z ϭ 3.83), the rostral PMd (at x, y, z ϭ Ϫ12, Ϫ9, 54; Z ϭ 2.92; P svc ϭ 0.002), and the rostral SMA (at x, y, z ϭ Ϫ9, Ϫ 21, 48; Z ϭ 3.91; P svc Ͻ0.001). The subthalamic region was also activated bilaterally when participants prepared for the grip-and-lift task (Fig. 6 A) .
Distinct clusters in left and right PMd, left supramarginal gyrus, as well as left and right medial intraparietal sulcus (IPS) showed significant greater activation when participants prepared for lifting the heavy weight as opposed to preparing for lifting the light weight (Fig. 6 B) . The relative increase in preparatory activity for the heavy weight was significant in the left PMd (peak at x, y, z ϭ Ϫ27, Ϫ 15, 60; Z ϭ 3.04, P svc ϭ 0.001). No cluster in the brain showed increased preparatory activity for the lightweight relative to the heavyweight cue, even when applying a liberal threshold of p Ͻ 0.01 (uncorrected).
Preparatory activity in left PMd predicts undershoot in grip force
We hypothesized that in the absence of real cTBS 80% , the level of preparatory activity in the left PMd would predict the behavioral impact of the incorrect S1 pre-cue on force generation. To test this hypothesis, we performed a second-level regression analysis based on the preparatory activity during the control fMRI session (i.e., after sham cTBS 30% ). In each subject, we calculated the mean LH:HH ratio of peak grip force during the control session, which indicates the relative undershoot of grip force when lifting the heavy weight after having prepared to lift the light weight. Using the LH:HH ratio as covariate of interest, we found that the magnitude of preparatory activity (of light weights) in left rostral PMd correlated with the relative undershoot in maximal grip force in the LH condition (peak correlation at x, y, z ϭ Ϫ30, Ϫ3, 54; Z ϭ 3.73, P svc ϭ 0.025). The greater the preparatory activity in left PMd, the greater was the relative undershoot in peak grip force when lifting the heavy weight after preparing to lift the light weight (Fig. 7A) .
We performed the same type of regression analysis using the individual HL:LL ratio of peak grip force. The HL:LL ratio reflects the relative overshoot in grip force when lifting the light weight after having prepared to lift the heavy weight. In this analysis, interindividual variations of preparatory activity in the left PMd did not correlate with interindividual differences in the amount of overshoot. In contrast, preparatory S1-S2 activity in the caudal SMA showed a statistical trend toward a positive correlation with the individual overshoot in the HL condition (peak correlation at x, y, z ϭ Ϫ9, Ϫ18, 54; Z ϭ 3.92, P uncorrected Ͻ 0.001). The greater the preparatory activity in left caudal SMA, the greater the overshoot in peak grip force when lifting the light weight after having prepared for lifting the heavy weight. This statistical relationship did not survive whole brain correction for multiple comparisons.
Preparatory brain activity after inhibitory theta burst stimulation of left PMd
The level of preparatory neuronal activity in left PMd was not altered by the real cTBS 80% protocol compared with control cTBS 30% . However, real cTBS 80% of left PMd abolished the relationship between the preparatory activity in the stimulated left PMd and the behavioral effect of incorrect pre-cueing on force generation (Fig. 7B ). In the control session with low-intensity cTBS 30% , interindividual variations of preparatory activity in left PMd predicted the behavioral effect of an incorrect LIGHT precue on the undershoot in grip force (r ϭ 0.85; p ϭ 0.001), whereas Figure 4 . Effect of the validity of the pre-cue on grip and lift force. The white columns give the mean overshoot in force production caused by an incorrect S1 pre-cue indicating a heavy weight. The overshoot corresponds to the ratio between HL and HH trials. The black columns give the mean undershoot in force production caused by an incorrect S1 pre-cue indicating a light weight. The undershoot corresponds to the ratio between LH and LL trials. Trial types according to S1-S2 sequence: HH, LL, LH, HL. Error bars indicate SD. Paired t test, *p Ͻ 0.001. Figure 5 . Effect of real cTBS 80% of left PMd on maximal grip force. The white columns give the mean overshoot in force production (i.e., the ratio between HL and HH trials) caused by an incorrect S1 pre-cue indicating a heavy weight. The black columns give the mean undershoot in force production (i.e., the ratio between LH and LL trials) caused by an incorrect S1 pre-cue indicating a light weight. Compared with sham cTBS 30% , real cTBS 80% abolished the undershoot in maximal grip force caused by an incorrect lightweight cue. The asterisk denotes a significant difference of the pairwise comparison at p Ͻ 0.05. Error bars indicate SD. preparatory activity in the stimulated left rostral PMd no longer predicted individual variations in the relative undershoot in LH trials after real cTBS 80% (r ϭ 0.24; p ϭ 0.48).
We examined whether interindividual variations in the effects of real cTBS 80% on anticipatory grip force control (i.e., the reduction in grip force undershoot in LH trials) were associated with interindividual variations in cTBS 80% -induced changes in preparatory S1-S2 activity. Specifically, we were interested to test whether the interindividual differences in cTBS 80% -induced change of GF undershoot (i.e., change in LH:HH ratio) were correlated with cTBS 80% -induced changes in weight-specific preparatory activation (i.e., preparatory S1-S2 activity for light lifts relative to heavy lifts). Given its involvement in conditional response selection based on arbitrary sensory cues (Sakai et al., 1999 , Kurata et al., 2000 , we reasoned that real cTBS 80% of left rostral PMd might trigger a compensatory increase in preparatory activity for lightweight lifts in rostral SMA, and that this compensatory recruitment might vary across subjects.
Confirming our hypothesis, a cluster in left rostral SMA (peak correlation at x, y, z ϭ Ϫ6, 18, 54; Z ϭ 3.32, P svc Ͻ 0.001 and x, y, z ϭ Ϫ15, 12, 57; Z ϭ 2.99; P svc ϭ 0.001) showed a linear relationship between the cTBS effect on weight-specific preparatory activity and undershoot in LH trials (r ϭ 0.868; p ϭ 0.001; Fig. 8) : In subjects showing a relative increase in preparatory S1-S2 activity for light lifts (relative to heavy lifts) after real cTBS 80% , real cTBS 80% did not affect the undershoot in response to an incorrect S1 pre-cue (Fig. 8) . Conversely, real cTBS 80% induced a clear reduction in grip force undershoot in those subjects showing no increase in preparatory S1-S2 activity for light lifts (relative to heavy lifts) ( Fig. 8) . Additional clusters showing the same linear relationship were located in the left globus pallidus internus (peak at stereotactic coordinates x, y, z ϭ Ϫ12, 3, 6; Z ϭ 3.78 P unc Ͻ 0.001) and right medial prefrontal cortex (peak at x, y, z ϭ 9, 57, 33; Z ϭ 3.95; P unc Ͻ 0.001).
We also tested for a linear relationship between the individual decreases in MEP amplitude after real cTBS 80% and preparatory activity during the task. The interindividual variation in MEP suppression did not correlate with individual changes in BOLD signal in the left rostral PMd during the preparatory period (r ϭ 0.036; p ϭ 0.917).
Discussion
The experiments yielded three main findings. First, cTBS 80% of left PMd selectively impairs anticipatory downscaling, abolishing the grip force undershoot but not overshoot in trials with incorrect S1. Second, in the absence of cTBS 80% , individual variations in preparatory activity of left PMd as triggered by a "lightweight" cue predicted the relative grip force undershoot in LH trials. Third, this association between preparatory activity in left PMd and individual variations in grip force undershoot was cancelled by cTBS 80% of left PMd. Together, these experiments offer the first demonstration that human left PMd contributes to anticipatory downscaling of grip force based on arbitrary visual cues.
Anticipatory grip force control based on arbitrary visual cues
Grip-and-lift tasks involving small objects have been used intensively to study the role of prediction on sensorimotor control Figure 6. Regional increases in BOLD signal during preparation (S1-S2 interval). A, Main effect of preparation regardless of the weight indicated by the S1 pre-cue. The sagittal, coronal, and axial slices show the regions that showed an increase in BOLD signal during the preparation of a lift (heavy and light). B, Relative increases in BOLD signal during the preparation for lifting a heavy weight relative to preparing for lifting a light weight. The statistical parametric maps are based on the fMRI data recorded after sham cTBS 30% of left PMd. (Flanagan et al., 2006, Johansson and Flanagan, 2009 ). Here, we used a novel S1-S2 paradigm in which predictive grip force control was informed by prior visual information based on arbitrary cues. In contrast to previous work (Chouinard et al., 2005) , anticipatory force scaling was challenged by introducing a conflict between two "predictive" visual cues, an incorrect S1 pre-cue and a correct S2 go-cue, rather than by causing a conflict between an incorrect visual cue and somatosensory feedback during the task signaling the prediction error. Because the S2 go-cue was always correct, task performance always created somatosensory feedback that was concordant with the predictive visual information provided by this cue. However, including a S1 cue did not prevent the subjects to take the previous lift into account for the scaling of gripforce, therefore we propose that there are two scaling mechanisms that are reflected in the behavioral data (proprioceptive and visual), but cTBS 80% only influenced the visually cued interference and not the proprioceptive interference. These results are in line with previous data showing that the proprioceptive information gained during the previous can be disturbed by inhibiting the primary cortex and that the visuomotor information is stored in the PMd (Chouinard et al., 2005) .
Although the S2 go-cue always provided the correct information about object weight, the incorrect S1 cue still interfered with anticipatory force control causing an undershoot (in case of an incorrect lightweight pre-cue) or an overshoot (in case of an incorrect "heavyweight" pre-cue). This finding indicates that subjects actually used the S1 pre-cue for motor preparation. It further shows that the correct predictive information provided by the S2 go-cue was not sufficient to rapidly discard the inappropriate preparatory set evoked by the incorrect S1 stimulus.
The longer reaction times after an incorrect S1 stimulus indicates that grip initiation was delayed to allow for partial reprogramming of grip force (Loh et al., 2010) . Without a delay in reaction time, the undershoot (after an incorrect lightweight precue) and the overshoot (after an incorrect heavyweight pre-cue) might have been even higher. Interestingly, the relative overshoot caused by an incorrect heavyweight pre-cue in HL-trials was more pronounced in magnitude as opposed to the relative undershoot produced by incorrect lightweight pre-cues in LH-trials. This might reflect a general bias of the motor system to apply too much rather than too little grip force to avoid dropping the object. Figure 7 . Linear relationship between regional activation during motor preparation and the relative undershoot in maximal grip force in trails where an incorrect S1 pre-cue announced a light weight after sham cTBS 30% (A) or real cTBS 80% (B) of left PMd. A, In the control session without effective cTBS, preparatory activity during the S1-S2 period predicted the individual undershoot in maximal grip force. The higher the preparatory activity in the left PMd, the larger was the undershoot in trials with an incorrect S1 pre-cue indicating a light weight. B, This linear relationship was abolished after real cTBS 80% of left PMd. The left panels show axial slices of the statistical parametric map for the linear relationship between preparatory activity and force undershoot. The corresponding scatter plots for the peak voxel in left PMd are presented on the right (x, y, z ϭ Ϫ30, Ϫ3, 54). The parameter estimates of preparatory BOLD signal changes are plotted along the y-axis. The maximal grip force ratios (LH/LL trials) are displayed along the x-axis. The gray color marks the area with negative LH/HH force ratio (i.e., undershoot). The regression line gives the estimated linear relation.
The variable delay between the S1 pre-cue and the S2 go-cue enabled us to dissociate preparatory activity in left PMd from event-related activity evoked by the visual cues, or by task performance itself. We reasoned that if left PMd codes the predictive information revealed by the S1 pre-cue, preparatory activity in left PMd should predict the behavioral consequences of an incorrect S1 pre-cue on force scaling. In fact, preparatory activity of left PMd predicted interindividual variations in grip force undershoot following an incorrect lightweight pre-cue. This was, however, not the case when an incorrect heavyweight pre-cue caused an overshoot in force scaling. Here it was the SMA rather than the PMd showing a correlation between preparatory activity and interindividual variations in grip force overshoot in HL-trials. The results suggest that the left PMd is primarily concerned with predictive downscaling of grip force, while other premotor areas such as the SMA might preferentially support predictive upscaling of grip force in humans (Vaillancourt et al., 2007 , Haller et al., 2009 .
Causal involvement of PMd in anticipatory force scaling
The transient dysfunction of left PMd (as induced by cTBS 80% ) impaired the ability to implement prior information given by the lightweight pre-cue into motor preparation. cTBS 80% of left PMd abolished predictive grip force undershoot in trials with incorrect S1 without having any consistent effect on anticipatory upscaling of grip force in response to a heavyweight pre-cue. Furthermore, cTBS 80% abolished the relationship between preparatory PMd activity and individual variations in grip force undershoot. We infer that preparatory activity in PMd tunes the motor system toward low grip forces and thus prevents inappropriately high force levels.
Two previous rTMS studies showed that inhibitory rTMS applied over the left PMd impairs the ability to use arbitrary visual information for anticipatory force scaling in a grip-and-lift task (Chouinard et al., 2005 , Nowak et al., 2009 ). Specifically, after 1 Hz rTMS (Chouinard et al., 2005) or cTBS (Nowak et al., 2009) , healthy subjects no longer used the weight information provided by the color of the go-cue, but scaled their forces to the weight of the previous lift (Chouinard et al., 2005) . In this study, the grip force task critically differed from the task used by Chouinard et al. (2005) and Nowak et al. (2009) in that the visual go-cue was always correct. This ensured that subjects used a visual mode of anticipatory force control. In trials with incorrect pre-cues, anticipatory grip force control had to integrate the diverging visual information provided by the S1 and S2 cue. Our task enabled us to assess the specific involvement of PMd in anticipatory upscaling and downscaling of grip force based on arbitrary visual cues. Extending previous work (Chouinard et al., 2005 , Nowak et al., 2009 , we show that a transient disruption of the PMd selectively impaired downscaling of force if a visual mode of anticipatory control is reinforced by the paradigm.
The preparatory S1-S2 period did not only require to prepare for the grip and lift, but also to withhold the grip until the appearance of the S2 go-cue. Application of the GABA antagonist bicuculline in monkeys to the PMd reduces the ability to withhold reaching movements of the contralateral limb in a visually guided reaching task (Sawaguchi et al., 1996) . This raises the possibility that in the present study, regional PMd activity during the S1-S2 period was not only related to motor preparation but also to preventing a premature grip. This inhibitory activity should be larger in trials in which subjects prepared for a heavy lift. In fact, we found a higher level of S1-S2 activity in left PMd when subjects prepared for lifting a heavy weight as opposed to a light weight. We hypothesize that in left PMd, inhibitory activity preventing a premature motor response prevailed in the S1-S2 period following a heavyweight pre-cue, whereas preparatory activity coding the anticipated force dominated the S1-S2 period following a lightweight pre-cue. This would explain why S1-S2 activity in PMd only predicted the relative force undershoot in LH-trials with an incorrect lightweight pre-cue, but not overshoot in HL-trials with an incorrect heavyweight pre-cue.
A recent electrophysiological study in two monkeys supports the notion that inhibitory processes in PMd might prevail during motor preparation (Kaufman et al., 2010) . Extracellular recordings were obtained from chronically implanted multielectrode arrays in contralateral PMd while monkeys performed a visuospatially instructed delayed reach task. Recordings revealed a significant rise in overall firing rate of inhibitory interneurons, but not pyramidal cells during the delay period. This raises the possibility that in our fMRI measurements, the BOLD signal increase in PMd during the S1-S2 period was mainly driven by a net increase in inhibitory activity.
We propose that one important role of the PMd is to prevent excessive motor activity during motor preparation and execution. Hence, when preparing for a heavy lift, PMd activity during the S1-S2 period is more concerned with preventing a premature Figure 8 . Relationship between cTBS-induced change in force undershoot and weightspecific preparatory activity in left rostral SMA. Subjects in whom fMRI revealed a relative increase in preparatory S1-S2 activity for light lifts (relative to heavy lifts) after real cTBS 80% , showed no or little change in grip force undershoot (LH/HH ratio) after real cTBS 80% . Conversely, real cTBS 80% induced a clear reduction in grip force undershoot in those subjects who showed an increase in preparatory S1-S2 activity for light lifts (relative to heavy lifts) after real cTBS 80% . The axial slice (top) illustrates the cluster in left rostral SMA showing a linear relation between cTBS-induced change in force undershoot and weight-specific preparatory activity. The corresponding scatter plot for the peak voxel in left rostral SMA is illustrated in the bottom (x, y, z ϭ Ϫ6, 18, 54). The regression line gives the estimated linear relation.
grip. Conversely, the PMd is more engaged in preparatory downscaling of the grip force level when preparing for a light lift.
A similar effect, albeit not reaching significance, was also found for lift force control in the present study. Furthermore, several previous neuroimaging studies reported that the higher the premotor activity, the less the force was that had to be applied across a range of manual tasks, including a power grip task (Ward and Frackowiak, 2003) , index finger abduction (van Duinen et al., 2008) , static precision grip (Kuhtz-Buschbeck et al., 2001) , and dynamic precision grip . Therefore, it can be assumed that the involvement of PMd in downscaling is not specific to the present paradigm, but generalizes across all manual skills requiring a fine and flexible tuning of the motor output.
In everyday life, we do not integrate two conflicting sources of predictive weight information when grasping and lifting an object. The ability to effectively rescale the motor output based on visual cues is more relevant to visually guided activities required by human-machine systems, for instance the manipulation of tools during minimally invasive surgery or performing a landing with an airplane.
In contrast to predictive force scaling based on arbitrary visual cues, cTBS80% over left PMd did not influence anticipatory force scaling based on the weight of the previous grip. Despite of the presence of a visual S1 pre-cue, the motor system still implemented the somatosensory information about the weight of the previous lift in anticipatory grip force control. This mechanism was not modified by premotor cTBS, suggesting that the stimulated left PMd does not play a crucial role in anticipatory grip force control based on the somatosensory information obtained during the previous lift. This notion is in good agreement with a previous TMS study (Chouinard et al., 2005) in which inhibitory 1 Hz rTMS of left M1 HAND but not 1 Hz rTMS of PMd impaired predictive scaling of forces based on information acquired during a previous lift. Together, these findings suggest two complementary mechanisms of anticipatory grip force scaling based on arbitrary visual or somatosensory inputs with a selective involvement of the PMd in the former and the M1 HAND in the latter.
Redistribution of preparatory activity within premotor areas
The magnitude of the disruptive effect of cTBS 80% over left PMd on predictive downscaling of grip force correlated with a shift in preparatory S1-S2 activity in left SMA: cTBS 80% did not affect predictive downscaling, when SMA increased its preparatory activity for lightweight lifts (relative to heavyweight lifts) after cTBS 80% . Conversely, cTBS 80% disrupted predictive downscaling, when SMA was unchanged after cTBS 80% .
The putative role of the rostral SMA in motor control makes this region a plausible candidate for functional compensation: the rostral SMA is critical to conditional response selection based on learned rules (Sakai et al., 1999 , Kurata et al., 2000 , Donohue et al., 2008 . It shows sustained activity during tasks requiring delayed rule-based responses and is engaged in producing appropriate and withholding inappropriate motor responses according to these rules (Mostofsky and Simmonds, 2008) , including the reprogramming of actions based on changes in conditional response rules (Neubert et al., 2010) . We therefore propose that in this study, a relative increase in preparatory activity of rostral SMA effectively compensated for the lesion effect induced in left PMd. This finding speaks against a strict functional segregation between lateral and medial premotor areas in predictive motor control. It suggests a gradual functional differentiation that enables the motor system to maintain functional integrity in the presence of a focal lesion by redistributing neural activity between medial and lateral premotor areas.
Our results further show that the ability to recruit the rostral SMA varied from subject to subject, resulting in a variable behavioral deficit. This observation highlights the potential of a combined neuroimaging-rTMS approach to identify individual differences in functional reorganization at behavioral level.
